The intra-erythrocytic parasite Theileria equi is one of two tick-transmitted causative agents of equine piroplasmosis. Piroplasms of T. equi can be transmitted across the equine placenta and once a horse is infected, it appears to remain a lifelong carrier, since anti-theilerial drugs suppress but do not eliminate the parasite. Carrier mares may transmit the organism to their offspring and this may result in abortion or neonatal piroplasmosis, but observations by some researchers suggest that foals may be born as carriers yet remain apparently healthy. Using a T. equi-specific oligonucleotide probe, we have determined that transplacental transmission occurs early in equine foetal development and that carrier mares may give birth to healthy carrier foals. Investigation of parasite levels and the effect of maternal colostrum on the newborn suggests that colostral T. equi antibody may act to suppress parasitaemia in the newborn, reducing the incidence of clinical neonatal piroplasmosis.
eliminated (De Waal and Van Heerden, 2004) . T. equi infection in carrier mares is cited as the most common cause of equine abortion (De Waal, 1992) . Aborted foetuses show lesions characteristic of equine piroplasmosis and it is assumed that once the parasite crosses the placenta and infects the foetus, the result is either an abortion or a foal born with neonatal babesiosis. There are no records of investigations into how or when transplacental transmission takes place and in this study we aim to increase the understanding of such transmission by determining the stage of gestation at which foetuses become infected, the mechanism by which such infection may occur and whether abortion or neonatal piroplasmosis are inevitable outcomes. We also investigate the effect of natural colostral antibody on the progress of congenital T. equi infection in new-born foals.
Materials and methods

Equine samples
Blood samples (5 ml aliquots in EDTA) were collected from pregnant mares serologically positive for T. equi which were held at the Department of Theriogenology, University of Pretoria Faculty of Veterinary Science, Onderstepoort, South Africa. A sample was also collected from an animal which was serologically negative for both B.
caballi and T. equi as a control for subsequent molecular probing investigations (Table   1) . To investigate the stage of pregnancy at which equine foetuses become infected with T.
equi, prostaglandin-induced abortions ([Volkman and De Kramer, 1991] and [Volkmann et al., 1995] ) were performed on six of the mares, one at 4 months gestation, three at 5 months and two at 7 months gestation. Blood samples were collected from each mare immediately before prostaglandin administration for indirect fluorescence antibody test (IFAT, Lewis, 1998) and DNA extraction. Cord blood was collected from each foetus before these underwent euthanasia by intra-cardial injection of phenobarbitone sodium (Euthanaze, Centaur). Foetal spleens were dissected out and held frozen at −20 °C prior to DNA extraction. No microscopic examination of foetal blood smears was undertaken.
In order to determine the infection status of animals after parturition, whole blood for DNA probing, and serum samples for IFAT were collected from six T. equi carrier mares V27, V81, V15, L49, U14 and V132 and their apparently healthy new-born foals within 12 h post partum to avoid any contact with ticks.
To investigate whether natural equine colostrum containing T. equi antibodies would have any effect on congenital infections in new-born foals, DNA probe and IFAT examination of the foals of three known carrier mares, foal V12, foal V20 and foal V132
were followed up for 2-3 weeks after birth. Because it is difficult to predict the exact time a mare will foal down, after assessment of the mares to confirm their readiness to foal, the animals were transferred from the paddocks, after treatment to remove ticks, to the tick-free quarantine section of the Onderstepoort Veterinary Academic Research Unit (OVARU), Faculty of Veterinary Science, University of Pretoria. Parturitions were induced and blood samples (5 ml aliquots) for DNA extraction and for serology were collected from the foals before ingestion of colostrum. Thereafter, blood and serum samples were collected daily from the foals and blood smears were examined for the presence of T. equi parasites. Samples from foal V12, one of three born in the isolation facility, were processed before the birth of the other two foals (foal V20 and foal V132).
As the results of both T. equi probing and IFAT for foal V12 were consistent during the 21 days of observation, it was decided that a sampling period of 14 days would be sufficient for the other two foals, to minimise stress on both foals and dams.
DNA extraction, PCR amplification and probing
Foetal spleens were macerated with 1 ml sterile phosphate-buffered saline solution. DNA was extracted from whole blood (1 ml aliquots) or spleen extracts (1 g aliquots) as Aliquots (10 μl) of each amplicon were slot blotted as described (Saiki et al., 1986) on to nylon membranes (Hybond N+, Amersham International). Membranes were prehybrised for at least 1 h at 50 °C in sodium dodecyl sulphate (SDS)/sodium phosphate buffer, pH 7.5 (Church and Gilbert, 1984) . A T. equi-specific oligonucleotide probe BE1, 5′-GAC AAA CGC CAA GCG CAG-3′ ( Fig. 1 , Allsopp, 1994) , was 3′-end labelled as described (Anon., 1991) and added directly to the hybridisation bottle. Membranes were hybridised at 50 °C for a minimum of 1 h. Blots were washed as described (Allsopp, 1994), followed by stringency washing at 60 °C for 1 min, before being sealed in polythene and autoradiographed at −70 °C for 24 h. No probing for B. caballi was undertaken because of the lack of specificity of the probe (Fig. 1 Table 1 shows the T. equi carrier status of the mares included in the study determined by both IFAT and T. equi-specific probing of PCR amplified DNA. Although all mares were serologically positive for the parasite, mares V22, V27, V15 and V20 were T. equi probe negative. Both IFAT and PCR/probing results were negative for the control horse. The specificity of the oligonucleotide probe for T. equi is shown in Fig. 1 .
Results
Results of the experiment to investigate the stage of pregnancy at which equine foetuses become infected with T. equi are shown in Table 2 . At the time abortions were performed, all mares were seropositive and probe-positive for T. equi. Cord blood from all aborted foetuses was serologically negative but DNA extracted from the macerated spleens of the foetuses was probe-positive. The stage of gestation at which foetuses were aborted ranged from 4 months to 7 months. Table 3 . All mares were both serologically and probe-positive for T. equi and all foals were probe-positive. All but two of the foals (foal L49 and foal U14) were T. equi serologically positive. Table 4 shows the probing and serology results obtained from the three foals (foal V12, foal V20 and foal V132) which were isolated from field infection and followed up to investigate the effect of natural equine colostrum on congenital T. equi infection. All precolostral samples from the foals were serologically negative for T. equi and all foals subsequently showed positive IFAT titres (minimum 1/80) during the observation period.
Two of the animals (foal V12 and foal V20) were probe-positive on pre-colostral DNA, and foal V12 DNA samples were consistently probe-positive, except for one doubtful result, during the 3 weeks of observation. A blood smear taken from foal V132 on day 14 of sampling after birth clearly showed a small number of parasitised erythrocytes. It has been suggested that transplacental transmission results from abnormal placentation ([Du Plessis and Basson, 1966] and [Erbsloh, 1975] ). The authors suggest that either placental damage may allow maternal and foetal blood to mix, or that reverse erythroblastosis foetalis may occur, allowing parasites to cross the placenta. Both suggestions are plausible explanations for the occurrence of such transmission in naturally aborted foetuses but it is unlikely that all six of the therapeutically aborted foetuses examined in the present study (Table 2) would have abnormal placentation.
Furthermore, the results of the probe analysis carried out on six naturally born foals (Table 3) suggest that parasite transmission occurs in pregnancies where placentation is normal. Transfer of parasites during natural placental breakdown occurring as a result of normal birth cannot be ruled out but investigation of this possibility is beyond the scope of this study.
It is possible that the mechanism by which parasite transmission occurs in normal pregnancies may be specific to equine gestational physiology. Horses have what is known as semiplacenta diffusa incompleta (Gerneke, 1985) . During development, the equine embryo switches from embryonic nutrition (utilising the contents of the yolk sac)
to histotrophic nutrition during the formation of the chorion while the micro-cotyledons are formed. Normal haemotrophic nutrition is established once the placenta is fully formed. During the histotrophic stage, which commences at about day 40 of gestation and continues to about day 150, the embryo is nourished by histotroph, a mixture of uterine gland secretions, desquamated epithelial cells and maternal red blood cells. The maternal erythrocytes are believed to provide a source of iron for the foetus but this study suggests that they may also provide a direct pathway for the passage of T. equi parasites across the developing placenta to infect the foetus. It is possible that B. caballi parasites may also be transferred by this mechanism, but clinical cases of B. caballi are rare in South Africa, and as parasitaemia in B. caballi infections is low (De Waal and Van Heerden, 2004) , it is unlikely that parasites would be observed in blood smears from neonates. The lack of specificity of the B. caballi probe precluded its use as a diagnostic tool in this study.
The earliest abortion carried out during the study was at approximately 130 days gestation and the foetus was probe-positive for T. equi. Foetuses aborted at approximately 150 and 210 days also yielded T. equi probe-positive spleens. These results are consistent with the hypothesis presented in the previous paragraph, and they suggest that transplacental transfer of parasites occurs very early in foetal development. Since equine foetuses do not begin to develop antibody-producing cells until at least day 240 of gestation, the negative serological results obtained from the foetal blood are to be expected.
The positive T. equi probing results obtained from the six new-born foals (Table 3) indicate that they were born as carriers of the parasite, but all were certified as healthy by qualified veterinarians and they showed no clinical signs of piroplasmosis. It is highly unlikely that natural tick transmission could have occurred in the field to account for these results since the blood samples were collected within 12 h of birth. Four of the six foals were also IFAT-positive for T. equi antibodies, indicating that they had ingested colostrum from their dams before the blood sample collection. Samples from the two foals which were IFAT-negative had been collected prior to colostrum ingestion.
The negative IFAT results for the pre-colostral foals (foal V12, foal V20, foal V132) presented in Table 4 indicate that the foetus does not produce anti-T. equi antibodies in utero, despite the presence of the parasite in its blood. As maternal antibodies do not cross the equine epitheliochorial placenta (Tizard, 1996) , the foals' blood became positive for anti-T. equi antibodies only after ingestion of colostrum. The consistent IFAT positive results for all three foals during the sampling period, coupled with the fluctuating probe-positive results, suggest that the colostral antibodies failed to eliminate the congenital T. equi infection but that they may be acting to control the level of parasitaemia, allowing the development of an endemically stable state between the parasite and the host. This situation has been observed in mature animals (De Waal and Van Heerden, 2004) but cannot be proved for foals from the results obtained in this study. The negative probing results (Table 4) obtained with some samples from foal V20
and foal V132 suggest that parasite numbers in the sample under test were below the limits of detection of the probe (calculated as parasitaemia of between 3 × 10 −8 % and 3 × 10 −9 %, Allsopp, 1994) . This would appear to be the situation with foal V132, where negative probing results were obtained on days 12 and 13 of sampling, but a positive probing result and positive blood smear were obtained on day 14 (Table 4 ).
In a study of foals to compare the presence and incidence of colostral antibody and antibody produced as a result of first natural infection, it was found that colostral antibody persisted in the foals for up to 4 months after birth. Thereafter, although the congenital infection status of the animals was unknown, the foals became serologically negative until they were infected naturally by tick-transmitted parasites (De Waal, 1995) .
A possible explanation of this effect can be inferred from the results obtained in this study although it was not possible to continue the study long enough for confirmation.
The detection of T. equi in a foetus as early as 4 months of gestation indicates that transplacental transmission takes place long before the foetal immune system is sufficiently developed to recognise molecules as being foreign (Tizard, 1996) and parasites already present in the system are likely to be recognised as self by the neonate.
Antigenic differences in parasites transmitted during subsequent natural infection would thus induce an immune response in congenitally infected animals. No information is available as to the time at which innate immune responses start to operate within the developing foetus, although it is likely that such mechanisms moderate parasitaemia levels in the young foal before full T-cell mediated adaptive responses are operational.
Conclusion
Although this study did not allow for statistical testing of specific time points, the consistency of the data presented here clearly indicate that transplacental transmission of T. equi parasites occurs across a normal placenta and that such transfer may occur as early as the first trimester of pregnancy. If the explanation of the mechanism of transmission is correct, it would be impossible to prevent foetuses becoming infected in utero and we suggest that congenital T. equi infection in the foals of carrier mares is a relatively normal occurrence. The outcome of such infection will undoubtedly be influenced by the number of parasites infecting the foetus, since in naturally occurring T.
equi abortions and neonatal piroplasmosis cases, parasitaemias of more than 50% are frequently observed (De Waal and Van Heerden, 2004) . In apparently healthy new-born carrier foals, it appears that the parasites are not recognised as foreign and we can speculate that maternal antibodies ingested with colostrum, as well as innate immune responses, may act to control levels of parasitaemia during the foals' early months of life.
